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Abstract Carbon export from the surface to the deep ocean is a primary control on global carbon
budgets and is mediated by plankton that are sensitive to physical forcing. Earth system models generally
do not resolve ocean mesoscale circulation ((10–100) km), scales that strongly aﬀect transport of
nutrients and plankton. The role of mesoscale circulation in modulating export is evaluated by comparing
global ocean simulations conducted at 1∘ and 0.1∘ horizontal resolution. Mesoscale resolution produces
a small reduction in globally integrated export production (<2%); however, the impact on local export
production can be large (±50%), with compensating eﬀects in diﬀerent ocean basins. With mesoscale
resolution, improved representation of coastal jets block oﬀ-shelf transport, leading to lower export
in regions where shelf-derived nutrients fuel production. Export is further reduced in these regions
by resolution of mesoscale turbulence, which restricts the spatial area of production. Maximum mixed
layer depths are narrower and deeper across the Subantarctic at higher resolution, driving locally stronger
nutrient entrainment and enhanced summer export production. In energetic regions with seasonal blooms,
such as the Subantarctic and North Paciﬁc, internally generated mesoscale variability drives substantial
interannual variation in local export production. These results suggest that biogeochemical tracer dynamics
show diﬀerent sensitivities to transport biases than temperature and salinity, which should be considered
in the formulation and validation of physical parameterizations. Eﬀorts to compare estimates of export
production from observations and models should account for large variability in space and time expected
for regions strongly aﬀected by mesoscale circulation.
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The export of organic matter from the surface ocean to depth is an essential component of the global carbon cycle (Falkowski et al., 2000; Houghton, 2007). Termed the “biological pump,” export acts to concentrate
carbon in the deep ocean, sequestering it from the atmosphere and thereby exerting control on atmospheric
CO2 (e.g., Gruber & Doney, 2009). Export production (EP) is controlled by a complex set of physical, biological, and ecological processes. Fundamentally, net primary productivity (NPP), the creation of organic matter
by phytoplankton, sets an upper bound on EP; thus, spatiotemporal variations in NPP manifest in changes
in EP. Additionally, the fraction of NPP that is ultimately exported, termed the export ratio or “e-ratio,” varies
due to ecological factors such as phytoplankton community composition, trophic coupling, and aggregation
processes (Burd & Jackson, 2009; Henson et al., 2015; Siegel et al., 2014). NPP and these ecological factors are
sensitive to the physical mechanisms determining the character of the upper ocean environment. Speciﬁcally,
the availability of limiting resources, light and nutrients, as well as ocean temperature are largely mediated
by mixing and advection; thus, there is tight dependence between spatiotemporal distributions of EP and
physical dynamics on planetary to local scales.
Earth system models (ESMs) are designed to study climate dynamics of the entire global coupled atmosphereocean-land-ice system under various forcing scenarios for thousands of years (Flato, 2011). Computational
constraints necessitate model grids that are too coarse to explicitly resolve important processes driving
climate, such as turbulent convection in clouds, crop coverage on land, and mesoscale turbulence in
the ocean, all of which must be parameterized. As the mesoscale (roughly tens to hundreds of kilometers and days to weeks) dominates the kinetic energy spectrum in the ocean (Ferrari & Wunsch, 2009;
Stammer, 1997) and has a large eﬀect on ﬂuxes of energy and carbon between the ocean and atmosphere
680
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(Oschlies & Garçon, 1998; Small et al., 2008), much eﬀort was put into developing parameterizations of the
rectiﬁed eﬀects of the eddying ﬂow, with considerable success (Danabasoglu et al., 1994; Gent & McWilliams,
1990). However, it is impossible for these parameterizations to capture all processes relevant for carbon
production and export, especially in highly dynamic regions. Moreover, coarse-resolution models do not
resolve energetic mesoscale features, such as jets, not considered by eddy parameterizations. Thus, a question
arises: is the skill of coarse-resolution representations of mesoscale processes mediating nutrient delivery and
upper ocean dynamics suﬃcient to accurately simulate the biological pump? This consideration is especially
timely, as great uncertainty exists in the observed regional and global magnitudes of the biological pump
(e.g., DeVries & Weber, 2017; Henson et al., 2011), and much eﬀort is underway by the ocean biogeochemical community to improve our understanding of physical and biological processes controlling carbon export
(e.g., Siegel et al., 2016).
The role of mesoscale circulation in structuring primary production has been long recognized, with both vertical and horizontal transport known to exert strong controls (Abraham, 1998; Bracco et al., 2009; Martin,
2003; McGillicuddy et al., 1998). Interactions between fronts, eddies, and wind enhance vertical transport and
mixing in the ocean (Hausmann et al., 2017; Koszalka et al., 2009; Oschlies, 2002; Small et al., 2008), bringing
nutrients to the surface, aﬀecting air-sea gas exchange, and injecting organic carbon downward (Gaube et al.,
2013; Lévy, 2003; McGillicuddy et al., 2007; Omand et al., 2015; Song et al., 2016). Horizontal transport by ﬁlaments and eddies dominates the spatial structure of primary and secondary production (Abraham et al., 2000;
Bracco et al., 2009), particularly in coastal systems (Harrison et al., 2013; Nagai et al., 2015), impacting carbon
export processes (Lovecchio et al., 2017; Resplandy et al., 2012; Stukel et al., 2017). However, many uncertainties in the exact mechanisms and their regional importance remain (see recent reviews by McGillicuddy, 2016;
Mahadevan, 2016). Indeed, cross correlations of observed global sea level and chlorophyll anomalies indicate
a strong regional heterogeneity in the biological response to mesoscale variability (Gaube, McGillicuddy, et al.,
2014). While observational and modeling studies present clear evidence that mesoscale and smaller-scale
processes have large impacts on production and export, there is still much uncertainty in the net eﬀects on
the carbon cycle.
Modeling studies have shown that increasing resolution will increase vertical transport in some regions, in
turn increasing nutrient ﬂuxes over short timescales, but can lead to long-term changes in the biogeochemical background state that can decrease production over time (e.g., Gruber et al., 2011; Lévy, 2008; Lévy et al.,
2001; Lévy, Iovino, et al., 2012; Oschlies & Garçon, 1998). Global implementations of eddy-resolving models
have only recently become computationally feasible (e.g., Delworth et al., 2011; McClean et al., 2011). Adding
a biogeochemical model requires additional computational eﬀort and has been reported in only a few studies. Clayton et al. (2013, 2017) report on the changes in biodiversity and biogeochemistry between an eddy
permitting (1/6∘ ) and coarser-resolution (1∘ ) ESM with a many-plankton ecosystem biogeochemistry model.
Like previous regional models, they ﬁnd increases in mixed layer depth (MLD) across the tropics and subtropics, corresponding to increases in vertical nitrate ﬂux, driving greater primary production and plankton
biomass. Clayton et al. (2017) also ﬁnd decreases in primary production at subpolar latitudes, attributed to
reductions in horizontal nutrient delivery due to changes in vertical mixing, somewhat similar to the one
other regional study that compared mesoscale even ﬁner resolution in a subpolar gyre (Lévy, Ferrari, et al.,
2012). However, these two studies ﬁnd diﬀerent eﬀects on plankton biomass with increasing resolutions,
for reasons that remain unclear. Thus, while some progress has been made on assessing the regional and
global impacts of resolving the mesoscale on production, many questions remain, and impacts on EP are
largely unknown.
To explore the question of how the mesoscale impacts global and regional distributions of productivity
and export, we compare two simulations of the Community Earth System Model (CESM), at eddy-resolving
(0.1∘ ), and non-eddy-resolving (1∘ ) resolution. We consider net eﬀects on global- and basin-scale means, and
then we focus on regions of high carbon export in which resolved mesoscale circulation exhibits the largest
eﬀects. The physical mechanisms driving changes in productivity and export vary regionally, as do the net
mesoscale eﬀects. The various ways mesoscale turbulence aﬀects production and export impacts best sampling strategies for these regions and demonstrates the need for parameterization improvement in global
climate models.
HARRISON ET AL.
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2. Methods
2.1. Numerical Experiments
We analyzed global integrations conducted with the ocean and sea ice components of the CESM version 1
(CESM1) (Hurrell et al., 2013). One experiment was conducted at high-resolution (HI-RES) and another at
low-resolution (LO-RES). Both integrations used the CESM ocean component, known as the Parallel Ocean
Program (POP) version 2 (Smith et al., 2010). In the HI-RES experiment, POP was integrated on a global tripole
grid with nominal horizontal spacing of 0.1∘ and 62 vertical levels, whereas in the LO-RES experiment, POP
was integrated on a displaced pole grid with nominal horizontal spacing of 1∘ and 60 vertical levels. Both simulations included a prognostic sea ice model, the Community Ice Code version 4 (Hunke & Lipscomb, 2008),
and are forced by the same atmospheric data set, the Coordinated Ocean_ice Reference Experiments (CORE)
“Normal Year” repeating annual forcing (Griﬃes et al., 2009; Large & Yeager, 2004).
The models were integrated without biogeochemistry for 15 years, long enough to eliminate initial transients,
initialized from rest with 0.5∘ × 0.5∘ World Ocean Circulation Experiment (WOCE) temperature and salinity
(Gouretski & Koltermann, 2004). Biogeochemical tracers were initialized to observationally based climatologies where possible; where these were not available (such as dissolved iron and phytoplankton biomass), the
model was initialized with ﬁelds interpolated from an existing, CORE-forced, 1∘ × 1∘ CESM case (Long et al.,
2013). After enabling biogeochemistry, the model was integrated for 1 year, suﬃcient time for phytoplankton
and zooplankton ﬁelds to stabilize and mesoscale variability in the tracer distributions to develop. Following
this initialization, the models were integrated for 5 years and this is the output we analyze. HI-RES was integrated with a ∼2 min timestep, while the LO-RES timestep was an hour; output was saved for both models at
5 day frequencies. The short time scale of the simulations does not allow for spinning up to steady state but
does insure that model physics are acting on simulated nutrient ﬁelds that are still quite close to the observed
distributions.
The critical diﬀerence between the LO-RES and HI-RES simulations relates to their representation of mesoscale
dynamics. The HI-RES model simulates these explicitly and includes only biharmonic lateral diﬀusion for tracers and momentum. The LO-RES integration, by contrast, represents mesoscale eﬀects using the well-known
Gent & McWilliams (1990) parameterization of lateral mixing. The LO-RES experiment also includes a parameterization of the submesoscale, which simulates an overturning circulation in the surface mixed layer
representing the restratifying eﬀect of submeoscale mixed layer instabilities (Fox-Kemper et al., 2010). The vertical mixing scheme in both experiments was the K-proﬁle parameterization of Large et al. (1994); the models
have the same vertical resolution.
Ocean biogeochemistry in both HI-RES and LO-RES was simulated by the CESM1 Biogeochemical Elemental
Cycle (BEC) model (Moore et al., 2013). BEC includes three explicit phytoplankton functional groups (diatoms,
diazotrophs, and picophytoplankton/nanophytoplankton) and one implicit group (calciﬁers) subject to multiple nutrient limitation (N, P, Si, and Fe) (Moore et al., 2004). The model includes a single zooplankton
class that grazes the diﬀerent phytoplankton at speciﬁc rates, with routing of grazed material that varies by
prey type (Doney & Ducklow, 2006; Moore et al., 2004). Iron delivery to the ocean is simulated following
Moore and Braucher (2008); iron inputs include speciﬁed atmospheric deposition (monthly climatology) and
a sedimentary source applied using subgrid-scale bathymetry.
Sinking particulate matter is represented implicitly following Armstrong et al. (2002); sinking material is either
free or associated with ballasting materials: mineral dust, biogenic calcite, or silica (Moore et al., 2004) and
is instantaneously distributed with depth following an exponential ﬂux attenuation function. Particulate
organic carbon (POC) is produced from phytoplankton directly via linear (as a function of biomass) mortality, as well as quadratic aggregation (diatoms and small phytoplankton). Additionally, grazing by zooplankton
produces POC via egestion, sloppy feeding and through zooplankton mortality, which has both a linear and
nonlinear component. Thus, the POC production (POCprod ) can be written as follows:
POC
POCprod = SPagg + SPPOC
+ Diatagg + DiatPOC
+ GPOC
+ GPOC
+ GPOC
+ Zloss
,
loss
loss
SP
Diat
Diaz

(1)

where SP are small (pico/nano) phytoplankton, Diat are diatoms, Diaz are diazotrophs, G is grazing, Z is zooplankton, loss is mortality, and agg is aggregation (see also Lima et al., 2014). The diazotroph class in BEC
only contributes to POC through zooplankton grazing; because diazatroph biomass is low, this contribution
is minimal.
HARRISON ET AL.
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Global solutions of the coarse-resolution CESM ocean component including the BEC model have been validated extensively against observations (e.g., Doney et al., 2009; Lima et al., 2014; Long et al., 2016, 2013; Moore
& Braucher, 2008; Moore et al., 2002, 2013, 2004). Applications involving BEC integrated at high resolution are
limited but include regional studies in the North Atlantic and California Current (Anderson et al., 2011; Gaube
& McGillicuddy, 2017; McGillicuddy, 2014; Renault et al., 2016). The HI-RES model solution presented here
generally compares favorably to observations (Figures S1 and S2). The simulated large-scale chlorophyll distributions in HI-RES show realistic global structure, but chlorophyll tends to be too high in oligotrophic systems
and generally too low at high latitudes and along coastlines (Figure S1, supporting information). MLDs are
much improved in the HI-RES model integration relative to LO-RES (Figure S2). In the next section we proceed
with a detailed analysis of the mechanisms controlling EP in these two simulations.
2.2. Analysis
Organic carbon can be transported from the surface to depth via sinking particulates or the advection of
dissolved material (Carlson et al., 1994; Omand et al., 2015; Turner, 2015). The eﬀective boundary between
the surface and deep ocean (i.e., the depth at which carbon is considered exported) has various deﬁnitions
(Buesseler & Boyd, 2009; Lima et al., 2014; Siegel et al., 2014) but is often approximated as 100 m (e.g., Henson
et al., 2015). We consider EP deﬁned as the POC ﬂux at 100 m, recognizing that this ignores variations in the
euphotic and MLDs. Only 2% of the global POC production occurs below 100 m in the HI-RES simulation,
indicating that the error due to this simpliﬁcation is small for this model integration. We also neglect for this
study the vertical transport of dissolved organic carbon. While dissolved organic carbon export accounts for
an estimated 25% of the total carbon export out of the euphotic zone (Letscher et al., 2015; Lindsay et al.,
2014), the sinking ﬂux strongly dominates the ﬂux to the deep ocean, especially outside of subtropical gyres
(Letscher et al., 2015).
NPP is the rate of carbon ﬁxation integrated over the ocean surface layer (top 100 m) and includes contributions from the three phytoplankton types. The export ratio (e-ratio) is the proportion of NPP that is exported
as sinking POC ﬂux at 100 m: e-ratio = EP/NPP.
We develop inventories of total iron in the upper ocean, which includes bioavailable, dissolved inorganic iron
(Fe), and iron in organic pools:
Total iron = Fe + spFe + diatFe + diazFe + zooFe + DOFe,

(2)

where spFe, diatFe, diazFe, and zooFe are the iron contained in the various plankton classes and DOFe is iron
in the dissolved organic pool. Total iron was integrated over the top 100 m.
We deﬁne a seasonality index (SI) as SI = (6−t 1 )∕6, where t 1 is the production half time, the minimum time in
2
2
months for half of the annual production to be generated, adapted from Berger and Wefer (1990). For regions
of constant, steady production, the half time will be 6 months, while for high latitudes the half time is less than
1 month due to the short growing season; thus, SI is between 0 and 1, with 0 being no seasonality (year-long
growing season with constant production) and 1 being maximum seasonality (short growing season). The SI
metric is calculated for EP using the annual monthly climatology in the HI-RES simulation.
Open-ocean polynyas (ice-free regions) tend to form in the Weddell Sea, both in observations and in many
coupled and forced ocean models, greatly enhancing local vertical mixing and air-sea ﬂuxes (de Lavergne
et al., 2014; Downes et al., 2015). A polynya forms in the HI-RES simulation, growing in horizontal extent each
model winter; no polynya forms in the LO-RES simulation though the atmospheric forcing is identical. This
region is excluded from the regional integrals used to compare the two simulations.

3. Results
3.1. Distributions and Diﬀerences Between Simulations
The geographical distribution of carbon export is strikingly similar between the two model solutions, reﬂecting comparable nutrient delivery to the euphotic zone over much of the ocean (Figure 1). Annual mean POC
EP in CESM is elevated across equatorial regions in the Indian, Atlantic, and Paciﬁc Oceans, extending into the
tropics in the Indian, eastern Atlantic, and far eastern Paciﬁc Oceans. Export is low in all the subtropical gyres.
At southern midlatitudes, export is high in the South Atlantic around the Argentine Basin, extending across
the Atlantic to Africa. Export is also high all across the northern ﬂank of the Antarctic Circumpolar Current
(ACC) with particularly high values south of Australia and New Zealand, and around the Kerguelen Plateau to
the west. In the North Paciﬁc, export is moderate in the midlatitude central region and high west of mainland
HARRISON ET AL.
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Figure 1. Annual mean of carbon export production (EP) in both simulations, top left is HI-RES, bottom left is LO-RES, top right is diﬀerence (HI-RES−LO-RES),
and bottom right is percent diﬀerence relative to LO-RES, with the last two plots remapped to 3∘ . Black lines show basin boundaries used in Table 1.

Alaska, extending from coastal shelf regions in the Bering and Okhotsk Seas and around the Aleutian and
Kuril Islands. In the North Atlantic, export is moderate at midlatitudes, somewhat similar to the distribution in
the North Paciﬁc. North of this, export is high near Greenland and east of Iceland extending from the Iberian
Peninsula to high latitudes. Export is high in all the eastern boundary upwelling regions (e.g., oﬀ California
and Peru), with the exception of the Iberian Peninsula.
The distribution of EP and e-ratio in CESM is similar to satellite-based models (Figure 2; DeVries & Weber,
2017; Siegel et al., 2014), and the diﬀerence between satellite-based estimates is comparable to the diﬀerence
between the model integrations and the satellite-based models. For example, relative to Siegel et al. (2014),
export in CESM is higher in the coastal North Paciﬁc, more similar to DeVries and Weber (2017). Satellite-based
export is higher near the Amazonian outﬂow and across many coastal regions; in both CESM simulations,
riverine nutrient inputs are not included and coastal upwelling circulation is not well simulated, even at 0.1∘
Table 1
Basin and Globally Integrated Export Production for the HI-RES (HR) and LO-RES (LR) Model Simulations
EP (Pg C yr−1 )

NPP (Pg C yr−1 )

Region

HR

LR

Diﬀ

% Diﬀ

HR

LR

Arctic

0.072

0.067

0.005

7.7

0.51

0.41

0.09

N Paciﬁc

0.58

0.67

3.63

3.79
3.04

−0.09

−13

N Atlantic

0.47

0.49

−0.02

−4.5

Trop. Paciﬁc

1.92

1.93

−0.01

−0.62

Trop. Atlantic

0.86

0.77

0.09

Indian

1.07

0.97

0.10

12
9.9

WSouthern Ocean

0.53

0.59

−0.06

ESouthern Ocean

1.09

1.21

−0.11

−10
−9.4

Total

6.60

6.71

−0.11

−1.6

2.96
16.8

16.6

Diﬀ

e-ratio
% Diﬀ

HR

LR

24

0.307

0.286

0.021

0.07

−0.17

−4.4

0.174

0.184

−0.011

−0.06

−0.08

−2.6

0.175

0.174

0.001

0.01

0.26

1.5

0.110

0.113

−0.003

−0.03

% Diﬀ

7.33

6.56

0.77

0.114

0.112

0.001

0.01

9.10

8.29

0.80

9.7

0.124

0.123

0.001

0.01

2.73

2.95

−0.22

−7.5

0.208

0.207

0.001

0.00

6.63

7.19

−0.56

−7.8

0.170

0.175

−0.004

−0.02

1.8

0.144

0.146

−0.002

−0.02

49.7

48.8

0.9

12

Diﬀ

Note. Diﬀerence (Diﬀ ) is HI-RES-LO-RES; percent diﬀerence (% Diﬀ ) is relative to LO-RES. Region boundaries are shown in Figure 1. Note that basin- and global-scale
e-ratios are the area weighted means of the local e-ratio, not the ratio of integrated net primary productivity (NPP) and export production (EP).
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Figure 2. Results from the satellite-based food web models of DeVries and Weber [DeVries and Weber (2017)] (left column) and Siegel et al. [Siegel et al. (2014)]
(right column). Shown are net primary productivity (NPP) (top row), export production (EP) (center row), and e-ratio (bottom row). For the Devries and Weber
data, NPP is the mean of the Vertically Generalized Production Model and Carbon-based Production Model NPP estimates (see DeVries and Weber [DeVries and
Weber (2017)] for details), and the mean of EP and the e-ratio are taken over the 12 model versions. EP is taken at the estimated euphotic depth for both models.

resolution (Small et al., 2015; Wang et al., 2014). It should be noted that satellite-based export proxies are
based on ocean color-derived estimates of Chl, which are known to have biases at high latitudes (e.g., Johnson
et al., 2013). These satellite-based models, similar to ESMs, make a number of assumptions about the food web
and export eﬃciency of each related detrital component, and the in situ observations used to constrain them
are limited.
Estimates of annual global EP range from 3 to over 10 Pg C yr−1 (DeVries & Weber, 2017). Globally integrated,
annual mean EP in HI-RES (6.60 Pg C yr−1 ) is only slightly lower than LO-RES (6.71 Pg C yr−1 ), a diﬀerence of
1.6%, and consistent with previous integrations of CESM (Lima et al., 2014; Lindsay et al., 2014). As a point
of comparison, the range of annual mean, global EP in CESM simulations forced by the interannually varying
CORE-2 data set (Danabasoglu et al., 2014) is 0.4 Pg C yr−1 (not shown), 4 times the diﬀerence between the
two simulations. On the basin scale, the diﬀerence in EP between HI-RES and LO-RES varies with latitude, with
compensating eﬀects between the tropics and high latitudes (Table 1). Export is ∼10% greater in HI-RES in the
tropical Atlantic and Indian Oceans but similar in the tropical Paciﬁc. At high latitudes, regionally integrated
export is ∼10% lower in the Southern Ocean and North Paciﬁc and more similar in the Arctic and North Atlantic
Basins. The basic similarity of globally integrated and basin-scale EP in the two models suggests that resolved
eddies do not fundamentally change the nature of the biogeochemistry simulation over the 5 year simulation.
The LO-RES and HI-RES solutions were remapped to 3∘ to facilitate comparison of spatial patterns. We display
both the diﬀerence (HI-RES minus LO-RES) and the percent diﬀerence of the HI-RES model from the LO-RES
HARRISON ET AL.
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Figure 3. As in Figure 1 but for net primary productivity (NPP).

(Figure 1). While EP at the basin scale is comparable between the two solutions, local diﬀerences are large,
particularly in areas with high EP. In the two regions with the most intense export in the model, the Patagonian
Basin and North Paciﬁc, the HI-RES solution has up to 50% lower EP. In areas within the tropics, by contrast,
the HI-RES model has upward of 50% higher export than LO-RES.
Diﬀerences in EP can be considered to manifest from diﬀerences in NPP (Figure 3) and the export ratio
(Figure 4); that is, EP = NPP × e-ratio, which leads to the linearizion
ΔEP = ΔNPP × e-ratio + NPP × Δe-ratio,

(3)

where Δ is the diﬀerence between the two simulations. Across the tropics, the greater EP in HI-RES is primarily attributable to NPP, both of which are about 50% higher in HI-RES, while diﬀerences in the e-ratio are
generally small. In regions where EP is lower in HI-RES, diﬀerences in both NPP and the e-ratio contribute, for
example, in the North Paciﬁc and Antarctic outside of the Weddell Sea (where the polynya forms in HI-RES);
however, lower NPP is responsible for most of the EP diﬀerence (e.g., ΔNPP = −40% in the North Paciﬁc relative to Δe-ratio = −20%). In the model, e-ratio tends to vary in concert with export, so that regions with higher
productivity and export at higher resolution also have higher export ratios, and vice versa, highlighting the
nonlinearity (positive concavity) in the NPP to EP relationship in CESM-BEC.
The annual mean MLD has large regional diﬀerences between the two simulations, in some regions over ±50%
(Figure 5). Mixed layers are deeper in the HI-RES simulation across the tropics and in western boundary current
extension regions (e.g., Gulf Stream). In the Southern Ocean, the locations of deepest mixing diﬀer between
the LO-RES to HI-RES model simulations, with deeper mixed layers along a more narrowly conﬁned region in
the Subantarctic in the HI-RES solution. Many regions with deeper MLDs in the HI-RES simulation also correspond to regions of greater NPP and EP, for example, western boundary extensions and some sectors of the
tropical oceans. The positive spatial correlation of ΔMLD with ΔEP and ΔNPP is particularly high across the
Southern Ocean.
Maps of the most limiting nutrient are largely similar between the two solutions (Figure 6). Iron is limiting
production across most of the high-latitude oceans and in the equatorial Paciﬁc, with limitation extending closer to the coasts in HI-RES. Nitrate is most limiting in the Indian Ocean and across the subtropical
gyres, with the exception of the North Atlantic, where phosphate is limiting. The regions of highest regional
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Figure 4. As in Figure 1 but for export ratio (e-ratio = export production/net primary productivity).

Figure 5. As in Figure 1 but for mixed layer depth (MLD). MLD was taken from the model output average MLD (HMXL; Large et al., 1997).
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export ﬂux in the model—the Southern Ocean, tropical Paciﬁc, and North
Paciﬁc—are all iron limited. Notably, ∼40% of the global carbon export
ﬂux occurs in persistently iron-limited regions (39.8% in LO-RES and 41.2%
in HI-RES), indicating the strong control delivery of iron has on global
productivity and export.

Figure 6. Annual mean nutrient limitation comparison for diatoms: top is
HI-RES, bottom is LO-RES. Blue is iron, green is nitrate, orange is phosphate,
and red is silica. Limitation maps were taken from the annual mean of the
limitation terms, using the most limiting factor for the phytoplankton type
in question. Limitation maps for small phytoplankton are similar, with silica
limitation replaced largely by iron limitation (not shown).

3.2. Seasonality and Variance of Export and E-Ratio
Seasonality of productivity, combined with the intensity of the mesoscale
ﬂow, impacts the degree to which resolving the mesoscale aﬀects EP. EP
is more seasonal at high latitudes (Figure 7), following from light limitation restricting the growing season. For example, in the high-export region
associated with the Subantarctic Front, the annual export is accomplished
over just a few months, associated with the austral spring bloom; here the
EP half time is 1 month and the SI is 5/6. In the Patagonian Basin of the
South Atlantic, the annual export occurs over less than 4 months, so that
SI = 4/6, with a similar value in the North Paciﬁc and North Atlantic Basins.
In contrast, EP is much more constant across the tropics, so that SI = 0 in
regions of the tropical Paciﬁc and Atlantic sectors, indicating that productivity and export are continuous throughout the year. Regions with high
seasonality in EP are more impacted by year-to-year internal variability of
the mesoscale ﬂow.

Many regions of high EP seasonality are also associated with a large, spatially patchy standard deviation in the annual mean e-ratio (Figure 7).
The atmospheric data sets used to force the model comprise an annually repeating cycle; however, internal variability of the ocean in energetic
areas is signiﬁcant, manifesting in diﬀerences in the locations of eddies and
meanders from year to year. These variations, due to resolving mesoscale turbulence, aﬀect the distribution
of production and export, particularly in regions where the export season is short. Regions where intense production occurs over a short growing season are more likely controlled by details in the spatial structure of the
eddying ﬂow, explored more in the next section.
3.3. Physical Drivers of Export Changes
We have demonstrated that diﬀerences in EP between high- and low-resolution solutions are primarily
attributable to diﬀerences in NPP, with secondary and correlated eﬀects due to diﬀerences in the e-ratio
(Table 1). The impact of resolution on NPP and EP depends on which nutrient limits productivity and the role
of advection in mediating its delivery to the euphotic zone. We ﬁnd that eﬀects can be roughly grouped into
two categories: (1) diminished production due to less horizontal transport of a limiting nutrient at high resolution and (2) increased production driven by vertical processes leading to greater upward nutrient ﬂuxes
at high resolution. Additionally, many regions with large diﬀerences in EP between high- and low-resolution
solutions are associated with regions of intense variability, so that mesoscale circulation strongly structures biogeochemical responses in both space and time. Below we examine in detail how EP changes with
mesoscale resolution in a few regions of interest, where the diﬀerence in EP is greatest between the two
model simulations.
3.3.1. Horizontal Transport
A number of regions in our modeled ocean display EP that is both intense and sensitive to horizontal transport processes: the North Paciﬁc, the Argentine Basin in the South Atlantic, and around islands in the Southern
Ocean and eastern equatorial Paciﬁc. In these regions, iron is the most limiting nutrient (Figure 6), consistent with observations (Moore et al., 2002, 2013). Here lateral transport of iron is known to exert a strong
control on biological production (d’Ovidio et al., 2015; Misumi et al., 2011; Qin et al., 2016; Smetacek et al.,
2012). Bioavailable iron is supplied to the ocean by sedimentary sources and atmospheric dust deposition,
parameterized in CESM as ﬂuxes that vary in space but are constant (sediment ﬂux) or climatological (dust)
in time (Moore & Braucher, 2008; Moore et al., 2002). We show below that the mesoscale ﬂow in continental shelf regions, or its parameterization, greatly aﬀects the spatial distribution of production and export in
iron-limited regions.
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Figure 7. Seasonality index for export production (top) and standard deviation of annual export ratio (bottom), both for
the HI-RES simulation.

In ESMs, unresolved horizontal stirring and mixing in the surface ocean is parameterized as a diﬀusive tendency that depends on the local gradient of the tracer to be transported, so that the time rate of change of
any tracer concentration C at any point can be written as follows:
𝜕C
= −∇ ⋅ (u C) + ∇ ⋅ (𝜅∇C) + FC (x).
𝜕t

(4)

The ﬁrst term on the right-hand side represents advection of the tracer (and its gradients) by the ocean
currents, and the last term FC the forcing or sources and sinks for each tracer. In ESMs, the second term is
parameterized subgrid-scale mixing, modeled as tracer diﬀusion, such that tracer gradients are smoothed out
over time and space at a rate dependent on the “eddy diﬀusivity” 𝜅 and the tracer gradient (Danabasoglu
et al., 1994; Gent & McWilliams, 1990; Redi, 1982). Usually, the parameterized diﬀusivity 𝜅 is the same for all
tracers, both passive and dynamic.
The parameterized diﬀusive tendency is formulated to represent the net eﬀect of eddies. However, in some
regions of the ocean both the mean and ﬂuctuating components of the realistic ﬂow will act to intensify
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Figure 8. Comparison of summer diatom bloom in the North Paciﬁc on 8 August for both simulations. Left is diatom
biomass, and right is total iron, both integrated over the top 100 m. Top is HI-RES, and bottom is LO-RES. Blue lines
indicate transects shown in the following ﬁgure. Resolution of coastal mesoscale circulation, including coastal jets, limits
oﬀ-shelf transport of iron, and the resulting biological response.

gradients, especially over the time scales relevant for biogeochemical reactions (Abraham, 1998; Harrison
et al., 2013). It is in these regions that the subgrid-scale eddy parameterization leads to spreading out of tracer
gradients more in the coarse-resolution model. Below we highlight two regions where iron transport and
production are greatly enhanced by the eddy parameterization: the North Paciﬁc and South Atlantic.
3.3.1.1. North Paciﬁc
The North Paciﬁc subpolar gyre is one of the regions of greatest EP in both models and satellite-based estimates (Figure 2; DeVries & Weber, 2017; Dunne et al., 2005; Henson et al., 2012; Laufkötter et al., 2016; Lima
et al., 2014; Siegel et al., 2014). In both the HI-RES and LO-RES solutions, production in the North Paciﬁc is
dominated by a summer diatom bloom. This region is largely iron limited (Figure 6); much of the regional
iron supply is provided by continental shelf sediment sources (Misumi et al., 2011). We ﬁnd that resolution of
the coastal circulation and the associated turbulent ﬂow exerts a large control on patterns of production and
export through mediating the nature of this supply.
Resolution of coastal jets south of the Aleutian Islands and east of the Kamchatka Peninsula limits oﬀ-shelf
transport of coastally released iron (Figure 8). For example, at high resolution the Alaskan Stream south of
the Aleutians is a narrow, swift, and deep jet, reaching speeds of over 30 cm s−1 and extending tens of kilometers oﬀ the shelf break (Figure 9), consistent with regional modeling studies and observations (cf. Durski
et al., 2016). In HI-RES, iron is retained along the coast on the inshore side of this coastal jet, consistent with
the region of highest velocity shear acting as a transport barrier, retaining material near the coast (Harrison &
Siegel, 2014). The LO-RES model does simulate a coastal jet; however, it is much weaker and wider, and iron
is distributed diﬀusely across it. Iron transport in HI-RES, by contrast, is largely constrained to within vortices
and ﬁlaments along the shelf break, where the coastal currents become unstable and allow oﬀ-shelf transport, while in LO-RES iron is more diﬀusely and uniformly distributed away from the coasts (Figures 8 and 9).
The HI-RES results are consistent with observations and regional models, which show eﬀective oﬀshore iron
transport occurs mainly in association with large mesoscale eddies (Combes et al., 2009; Fiechter & Moore,
2012; Johnson et al., 2005). This restriction of iron in HI-RES decreases the overall intensity and spatial extent
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of the bloom while increasing the spatial variance (Figure 8, Movie S1),
whereas delivery of sedimentary iron to a wider spatial area in LO-RES
relieves limitation, expanding the bloom in space.
The net eﬀect of resolving the mesoscale ﬂow is that the regional
depth-integrated total iron concentration in HI-RES is over 50 times lower
than in LO-RES in many areas oﬀ the shelf (Figure 8), leading to a reduction in annual NPP, EP, and e-ratio in the North Paciﬁc of 30–50% in
HI-RES (Figures 1 and 3–5). This result can be related to changes in the
probability distributions of these quantities (Figure 10). The annual mean
NPP probability distribution is shifted to lower values at higher resolution
(median = 313 mg C m−2 d−1 in HI-RES versus 410 in LO-RES), with a corresponding shift in the EP distribution (median = 60 mg C m−2 d−1 versus
98). As the iron-fertilized, diatom-dominated bloom has a higher export
ratio than the rest of the subpolar gyre, the e-ratio probability distribution
is skewed to lower values in HI-RES due to the smaller spatial extent of the
bloom (median = 0.19 versus 0.24), even though the joint distributions of
NPP and EP are largely consistent for the two simulations (Figure 10).

Figure 9. Oﬀ-shelf transects of iron concentration around 160∘ W in the
North Paciﬁc, along the blue lines in the previous ﬁgure. Contours are
cross-transect velocity (cm/s), dashed lines indicate into the page, roughly
westward. In the HI-RES model, iron is restricted oﬀ shelf of the coastal jet.

In the subpolar North Paciﬁc, we can discern that horizontal stirring
processes are driving patterns of production and export, as opposed
to mesoscale circulation mediated vertical processes such as eddy-wind
interaction (Gaube, Chelton, et al., 2014; Song et al., 2015); here the limiting factor, iron, is minimal below the euphotic zone and the dominant
iron gradient is horizontal (Figure 9). Changes in the horizontal distribution
of iron vary from year to year driven by variations in the mesoscale ﬂow,
resulting in a high standard deviation of the local export ratio (Figure 7);
these variations eﬀect the locations and strength of local production and
export patterns. Within this complex and varying ﬂow, production is sometimes highest within eddies, sometimes high around their peripheries, and
in general highly variable in both space and time (Movie S1).

3.3.1.2. South Atlantic
Similar to the North Paciﬁc, the Argentine Basin in the South Atlantic is iron limited (Figure 6); here again,
oﬀ-shelf transport of iron from shelf sediments is restricted by a coastal jet, in this case the strong Malvinas
Current (Figure 11). Energetic waters of the ACC are carried in this current, following the Argentine shelf break,
transporting nitrate- and silica-rich but iron-poor waters northward. The Malvinas Current meets the southward ﬂowing Brazil Current, which brings nitrogen-poor subtropical waters from the north. The meeting of
the two jets results in an energetic mesoscale turbulence ﬁeld, reaching across the Atlantic, with an associated
seasonal bloom (Figure 7), delivering a large fraction of the region’s export ﬂux (Figure 1), and associated with
a high export ratio (Figures 1 and 4). The circulation in this region is better represented relative to observations
in the HI-RES model simulation than in LO-RES (cf. Combes & Matano, 2014).
Improved resolution of the coastal jet, as well as restriction of productivity into a smaller spatial area within
the turbulent region oﬀ the shelf, together limit productivity and export in the HI-RES simulation. A larger
horizontal supply of sedimentary iron in LO-RES creates a seasonal bloom that is more widespread in space,
extends farther from the coast, and in this case persists more than a month longer than in the HI-RES model
(Movies S3–S4_LR, EP_global_HR). This more intense, broader, and longer bloom results in greater regional
NPP, EP, and again a corresponding higher e-ratio in the LO-RES simulation than in HI-RES (Figures 1 and 3–5),
so that integrated EP in the East Southern Ocean is 9.4% greater (Table 1). Here there is also a diﬀerence in the
spatial location of production through a shift in the location of the Malvinas-Brazil conﬂuence with changing
resolution, a phenomena seen for western boundary currents (Small et al., 2014).
As in the North Paciﬁc, resolution of the mesoscale circulation in the Argentine Basin changes the spatial
structure of the bloom to a large degree (Figure 12). With mesoscale resolution, the highly energetic, turbulent ﬂow drives a constant interaction between eddies of many sizes, as well as transitory jets and ﬁlaments,
and these features are typically not coherent for more than a few weeks. In HI-RES, production is highly modulated by this intense mesoscale ﬂow, often constrained into patchy streams between and around vortices
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Figure 10. Probability distributions for the North Paciﬁc of annual mean export production (EP), net primary
productivity (NPP), e-ratio, and a scatter plot of EP versus NPP for the HI-RES (blue) and LO-RES (orange). Distributions
are taken over 45–60∘ N and 140–220∘ E, using the native simulation resolution.

(Figure 12, Movie S2). In HI-RES, export is sometimes high around vortices, sometimes within, sometimes
associated with transient ﬁlaments, but largely chaotic and incoherent. The bloom is ﬁlamentary to an
extent that high spatial variance is retained in the annual means of biomass, EP, NPP, and the e-ratio for the
region (Figures 11, 1 and 3–5), as also indicated by the broader range of values in joint distributions of NPP

Figure 11. Annual mean biomass and total iron in the South Atlantic, integrated over the top 100 m. Top is HI-RES, bottom is LO-RES, left is diatom carbon
biomass, middle is small phytoplankton carbon biomass, and right is total iron. Zonation of phytoplankton types occurs in the HI-RES simulation, resulting
in a change in community structure oﬀ the Patagonian shelf.
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Figure 12. Export production on 25 January in the HI-RES (top) and LO-RES (bottom) simulations, shown in log scale.
Spatial variance is greater in HI-RES, such that the range of values is broader (inset, statistics taken over boxed regions),
and resulting in a reduction in the median (157 mg C m−2 d−1 in HI-RES versus 273 in LO-RES), mean (200 versus
284 mg C m−2 d−1 ), and spatially integrated (0.44 versus 0.64 Pg C yr−1 ) values of export production (EP) on this day.

and EP (Figure 13). The highly energetic, variable nature of the ﬂow in this region, combined with the short
season of production, drives a high standard deviation in the local annual mean export ratio (Figure 7), due
to the mesoscale-driven internal variability. In contrast, the LO-RES simulation features a wide, coherent front
of production and export that propagates uniformly eastward (Figure 12, Movie S3).
Unlike the chaotic, incoherent ﬂow of the Argentine Basin, votices to the northeast (the Agulhas rings) retain
their coherence for months to years, propagating northwest from South Africa to Brazil through the quiescent
subtropical gyre (Froyland et al., 2015; Wang et al., 2015). In the HI-RES model, these long-lived vortices have
clear spatial coherence in their biological response relative to the surrounding waters (Figure 12, Movie S2).
The biogeochemical environment within the vortices changes over time, apparently depending on both the
waters entrained in their interiors upon formation, as well as the interaction of the vortices with synoptic
variability in the atmospheric forcing. In the modeled Agulhas rings, like in the North Paciﬁc, production and
export are sometimes greatest within vortices, sometimes on the edges of vortices, and sometimes outside,
changing over time for an individual vortex. In sum, the persistently coherent Agulhas rings have only a limited contribution to carbon production and export in the region, which is overwhelmingly dominated by the
turbulent, largely incoherent, production to the southwest (Figure 12).
In contrast to the North Paciﬁc, reduction in iron concentration in the Argentine Basin is suﬃcient to drive
a shift from a bloom dominated by diatoms in the low-resolution model to a bloom dominated by small
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Figure 13. As in Figure 10 but for the South Atlantic. Distributions are taken over 40–57∘ S and 40–70∘ W. EP = export
production; NPP = net primary productivity.

phytoplankton with higher resolution (Figure 11). In the CESM-BEC model parameter set used here (Lima et al.,
2014), diatoms grow faster than small phytoplankton only in high nutrient, lower light conditions (Figure S3),
in part due to their modeled greater ability for photoadaptation (Geider et al., 1998). Thus, the light and nutrient distributions at the beginning of the growing season aﬀect the dominance of one plankton type over
another, especially at high latitudes where light is more limiting. In the HI-RES simulation, iron limitation is sufﬁcient oﬀ the shelf to cause small phytoplankton to dominate, despite the high nitrate availability. Restriction
of iron transport by the Malvinas in HI-RES causes the bloom to be spatially zoned, so that diatoms are largely
conﬁned to inside this coastal jet where iron concentration is higher, while small phytoplankton dominate the
oﬀ-shelf area, except for a small region of natural iron fertilization around South Georgia Island.
Also, in contrast to the North Paciﬁc, where the e-ratio probability distributions are similar in shape (i.e.,
same mode) but enhanced for high values in the LO-RES simulation (Figure 10), export ratio distributions
for the South Atlantic are distinctly diﬀerent between the two simulations (Figure 13). The mode value of
the export ratio decreases from 0.3 in the LO-RES simulation to 0.2 in the HI-RES simulation, consistent
with small phytoplankton leading to lower export eﬃciency than diatoms in the BEC model. Interestingly,
in regions of substantial calcite production, POC derived from small phytoplankton has a higher transfer
eﬃciency in BEC due to mineral ballasting (Lima et al., 2014), so that in HI-RES the export to 2,000 m is
greater for the South Atlantic (not shown), due to the shift in community structure, even though the EP at
100 m is substantially smaller. This result indicates how resolving mesoscale circulation can aﬀect basin-scale
biogeochemical processes.
3.3.2. Vertical Changes in Nutrient Delivery
Higher horizontal model resolution can increase vertical transport of nutrients through a number of mechanisms. Higher horizontal resolution increases the coastal upwelling ﬂux (Small et al., 2014, 2015), bringing
more nutrients to the surface and thus increasing local productivity, for example, in Benguela upwelling
region oﬀ South Africa (Figure 12). Increasing horizontal resolution also leads to diﬀerences in air-sea interactions, especially near better resolved fronts, aﬀecting vertical mixed layer dynamics and thus productivity
and export (Koszalka et al., 2009; Omand et al., 2015; Whitt et al., 2016).
Vertical mixing has competing eﬀects on productivity and export. Vertical mixing can bring nutrients to the
surface, increasing productivity; deep mixed layers inhibit productivity by limiting light for photosynthesis,
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Figure 14. Export production (EP, left) and average mixed layer depth (MLD, right) in the Southern Ocean south of Australia for two 5 day mean model output
snapshots, before (top) and after (bottom) deep mixed layers restratify in late spring.

so that extended deep mixing will reduce net productivity and export. Vertical mixing can also relieve grazing
pressure by diluting prey, making predation less eﬃcient (Rohr et al., 2017); additionally, the model includes
a reduced grazing loss at very low prey biomass levels (Moore et al., 2001, 2004). When deep mixed layers restratify and shoal, large blooms can occur, as phytoplankton respond faster than zooplankton to the
newly favorable light and nutrient conditions, initially growing without strong grazing control. Here we highlight one region where this last eﬀect is especially important for locally enhancing productivity and export:
the Subantarctic.
3.3.2.1. Sub-Antarctic
Together, the Indian and Paciﬁc sectors of the Southern Ocean generate over 1 Pg C yr−1 in carbon export ﬂux
(West Southern Ocean basin in Table 1), representing about 20% of the global total. While basin integrated EP
in this region is similar in the two simulations, the spatial distribution diﬀers substantially (Figure 1). Relative
to the LO-RES simulation, productivity and export in HI-RES are more focused in a narrow zonal swath in the
Subantarctic along the northern ﬂank of the ACC and reduced to the north and south of this (Figures 1 and 3).
This change in location of NPP and EP is also associated with a change in the e-ratio, with regions of higher
productivity in the HI-RES simulation having a higher e-ratio, and vice versa. The shift in the regions of high
productivity, export ﬂux, and e-ratio is correlated with diﬀerences in MLD between the two simulations
(Figure 5). Deep winter mixed layers exert a strong control on the location of the spring bloom across the
subantarctic Paciﬁc and Indian sectors, consistent with observations (Tagliabue et al., 2014).
In the Subantarctic, deep mixed layers (>250 m) persist throughout the winter and into the spring (Dong
et al., 2008; Kara et al., 2003), driven by interactions between weakly stable stratiﬁcation and strong winds
(de Boyer Montégut et al., 2004; Rintoul & England, 2002). Replicating deep frontal mixed layers in ESMs is
problematic due to the small lateral scale of these features and the coarse resolution of the models (Sallée
et al., 2013). The LO-RES simulation produces subantarctic mixed layers that are too shallow and displaced
from the observed maximum locations (Figures 5 and S2) (de Boyer Montégut et al., 2004; Kara et al., 2003).
In the HI-RES simulation, subantarctic deep mixed layers are enhanced, narrowed, and in the appropriate
regions, though still too shallow and less persistent in time, beginning later and restratifying earlier in the
season than observed (June–October instead of May–November, Kara et al., 2003). The timing, horizontal
and vertical extent, and seasonality of these deep mixed layers aﬀect annual mean regional productivity
and export.
The Southern Ocean has low iron concentrations (Figure 6) but elevated concentrations of all other limiting
nutrients. Persistent, deep winter mixing brings iron to the surface, resulting in a large phytoplankton bloom
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Figure 15. As in Figure 10 but for the Subantarctic near Australia. Distributions are taken over 40–55∘ S and 120–200∘ E.
EP = export production; NPP = net primary productivity.

after restratiﬁcation (Tagliabue et al., 2014). In our model, the iron ﬂux is not suﬃcient to promote diatom
growth over small phytoplankton (Figure S3), so that small phytoplankton dominate the bloom, with only
a small diatom response at the beginning of the season when iron is highest. Zooplankton dilution during
deep mixing aids in the initial bloom growth, as it takes about a week longer for zooplankton to respond
to the increased prey ﬁeld than it takes for the phytoplankton to respond to favorable growing conditions
(not shown).
Snapshots of the MLD and EP illustrate the spatiotemporal control mesoscale features have on both vertical mixing and export (Figure 14). In October deep mixing occurs over a wide, meandering zonal swath, and
within the nearby vortices to the north and south. This swath corresponds to a region of very low EP during
deep mixing, as all plankton are diluted and eﬀectively light limited. By mid-November the ocean is largely
restratiﬁed and EP is large where mixed layers were deep, strongly modulated in space by the mesoscale circulation. The majority of the large export signal in the Paciﬁc and Indian Subantarctic occurs over just a 2 month
period in the HI-RES model (Figure 7), with local enhancement before and after the restratiﬁcation-driven
spring bloom due to sediment-derived iron horizontal transport around the New Zealand and Kerguelen
Plateaus (Movie S4).
Regions of greater productivity and export in the subantarctic Paciﬁc are also associated with higher values
of the mean e-ratio (Figures 1 and 5). This is the result of the same spatial eﬀect as seen in the North Paciﬁc:
enhancement of the spatial extent of the bloom, this time for the HI-RES simulation relative to the LO-RES simulation, driven by vertical rather than horizontal processes. Enhanced iron supply by deeper and more spatially
extensive vertical mixing in the HI-RES simulation drives a more expansive and stronger bloom, elevating the
tails of the EP, NPP, and e-ratio distributions (Figure 15), shifting the means to higher values.
3.3.2.2. Tropics and Western Boundary Extensions
Vertical nitrate ﬂuxes are greater in the HI-RES model across the tropics and in western boundary extension regions (not shown), associated with increases in NPP and EP (Figures 1 and 3) for nitrate limited areas
(Figure 6). These regions of increased productivity are also associated with greater mean MLDs (Figure 5), suggesting that eddy-mediated increases in vertical mixing are driving changes in productivity, as has been found
in previous mesoscale resolving modeling studies (Mahadevan, 2016; McGillicuddy, 2016). Due to greater seasonality at higher latitudes (Figure 7), there is a nonlinear relationship in how much enhanced vertical mixing
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Figure 16. As in Figure 10 but for the Indian ocean. Distributions are taken over −15–25∘ N and 40–100∘ E. EP = export
production; NPP = net primary productivity.

may in turn enhance production and export. For example, in the Kuroshio and Gulf Stream extensions, intense
vertical mixing occurs largely in winter, when production is temperature and light limited, so that nutrient
injections are poorly utilized. A smaller amount of vertical mixing enhancement in the tropics, spread out
over a longer period in which growth conditions are consistently favorable, results in a corresponding greater
enhancement of production and export.
Enhanced productivity and export occur across the tropics in the HI-RES simulation where nitrate is the limiting factor (Figures 1, 3 and 6). The exception is the eastern Paciﬁc, where the iron limitation is not alleviated
by the enhanced vertical mixing, as there is little iron at depth (not shown). The result is a net null eﬀect
of changing resolution on carbon export in the tropical Paciﬁc when integrated over the basin (Table 1), as
increases in production in the west are balanced by decreases in production in the east. In the eastern Paciﬁc,
iron transport from the coast and Galapagos Islands is again limited by the reduction in horizontal transport at
higher resolution.
Changes in NPP and EP in the tropics do not correlate with a corresponding change in the export ratio to the
extent seen in other regions (Figure 4). In contrast to the North Paciﬁc and South Atlantic, where production
was divided into patchy, blooming regions of high productivity and export in a background ﬂow of low productivity and export, production and export across the tropics extends over the entire year with little spatial
variance (Figure 7, Movie S4). Changes in vertical nutrient delivery in the tropics are less intense in magnitude
and more distributed in space and time, so less modulated by the mesoscale circulation. This is associated with
diﬀerences in EP and NPP distributions that shift the entire distribution to higher values (Figure 16; Indian NPP
median = 636 mg C m−2 d−1 in HI-RES versus 561 LOW-RES; EP median = 82 mg C m−2 d−1 in HI-RES versus 70
in LOW-RES), rather than just enhancement of the tails of the distributions, as was found in the Subantarctic
(Figure 15), resulting in only a small change in the mean e-ratio.

4. Summary and Discussion
We compared oceanic particulate carbon export in two simulations of the CESM-BEC ocean component, one
at the standard 1∘ horizontal resolution (LO-RES) and one at eddy-resolving 0.1∘ resolution (HI-RES), both
forced with the same data sets. Over 40% of global EP occurs in regions of iron limitation in the model,
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indicating the strong control of iron on carbon ﬂuxes. While the diﬀerence in globally integrated EP between
the two simulations is small (<2%), basin-scale diﬀerences are over ±10% and local diﬀerences can be upward
of ±50%. The largest percent diﬀerences are in regions of high productivity and export: the North Paciﬁc,
Argentine Basin, Subantarctic, and across the tropics where nitrate is limiting. These diﬀerences can be
attributed to diﬀerent representation of horizontal and vertical transport with mesoscale resolution, both of
which aﬀect nutrient delivery.
Mesoscale dynamics impacts patterns of productivity and export by modulating the horizontal transport
of limiting nutrients. In the North Paciﬁc and Argentine Basin, oﬀ-shelf total iron inventories are drastically
reduced (over 50 times less) in the HI-RES relative to the LO-RES simulation. This diﬀerence is due to resolution of the mesoscale ﬂow in the HI-RES simulation, which aﬀects oﬀ-shelf delivery of sediment-derived
iron by two mechanisms: stronger coastal jets in the HI-RES simulation act as transport barriers, blocking
oﬀ-shelf transport; resolution of mesoscale turbulence in HI-RES limits the spatial extent of the iron delivery
that does make it oﬀ the shelf, reducing the bloom to a smaller area. In both of these regions, EP is equally
reduced by a decrease in NPP and the fraction of NPP that is exported (e-ratio). The reduction of iron in the
Argentine Basin is suﬃcient to shift community composition from diatoms to small phytoplankton, further
reducing the regional e-ratio, as small phytoplankton carbon is exported less eﬃciently in the BEC model.
The diﬀerence in continental shelf jet structure between the two simulations represents a diﬀerence in mean
ﬂow that cannot be well represented as a diﬀusive mixing process. In short, the subgrid-scale parameterizations used in non-eddy-resolving ESMs overdiﬀuse shelf-derived iron inputs at the ocean surface, resulting
in higher regional production, aﬀecting basin-scale biogeochemical cycles. Use of nonisotropic eddy parameterizations (Smith & Gent, 2004) may help to ameliorate this eﬀect and should be tested for their eﬀect on
biogeochemical tracers.
Vertical delivery of limiting nutrients also impacts export. In the Subantarctic, regions of high productivity
are driven by deep winter mixing bringing limiting iron to the euphotic zone. An intense seasonal bloom
occurs when these areas restratify in the spring. The result is strong positive spatial correlations in diﬀerences
between the two simulations across the Indian and Paciﬁc sectors of the Southern Ocean for a number of
variables: the mean annual MLD, NPP, EP, and the e-ratio. In the HI-RES simulation, regions of deep mixing are
shifted and narrowed in space and enhanced in depth by up to 50%, yielding better correspondence with
observations for both location and intensity. The diﬀerence in winter mixing results in more intense, spatially
restricted productivity and export in the HI-RES simulation. Here the diﬀerences in EP are again driven equally
by changes in NPP and e-ratio. Across the tropics where iron is not the limiting nutrient, such as the Indian
and Atlantic Oceans, EP is higher locally by up to 50% in the HI-RES simulation. This is almost entirely due
to changes in NPP, as changes in e-ratio are small. The tropics have a higher eddy-driven vertical nitrate ﬂux,
consistent with previous modeling studies (e.g., Clayton et al., 2017; Lévy, Iovino, et al., 2012). We conclude
that enhanced vertical nutrient supply in the HI-RES simulation, spread over the long tropical growing season,
drives higher annual mean production and export.
Globally, seasonality of EP, combined with the internal variability of the eddy-resolving model simulation,
aﬀects interannual variability of EP and e-ratio. The North Paciﬁc, Argentine Basin, and Subantarctic are all
characterized by short growing seasons. This seasonality, combined with locally strong mesoscale turbulence,
results in locally high variability in the annual mean e-ratio in HI-RES. In these regions production and export
are sometimes high within coherent vortices, sometimes high around coherent vortices, but mostly spatially
incoherent due to the nature of chaotic turbulent ﬂow. Thus, in regions of high seasonality, where all of the
EP occurs over just a few months, chaotic ﬂow leads to a high degree of variability in the annual mean e-ratio
(Figure 7), a manifestation of the internal variability of the mesoscale ocean. This makes observational campaigns in these regions of intense, brief EP especially prone to sampling bias, which is problematic in that they
are also the regions of greatest EP. In these turbulent regions, submesoscale biophysical impacts on production and export, not resolved here, could also be signiﬁcant (Mahadevan, 2016). Careful consideration of the
eﬀects of EP spatiotemporal patchiness on observational estimates of net regional biogeochemical cycles is
needed (e.g., Estapa et al., 2015; Resplandy et al., 2012), and high-resolution modeling eﬀorts are valuable for
informing observational campaign design, as well as validating model parameterizations.
The 5 year length of the HI-RES simulation is not suﬃcient to assess long-term changes in the ocean physical
biogeochemical mean state due to resolution of mesoscale processes. In particular, we initialized the biogeochemical tracers to observed distributions; thus, the long-term eﬀects of the eddying ﬂow are not fully realized
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and cannot be assessed in our experimental framework, though signiﬁcant changes to the biogeochemical
background state are to be expected with longer integration (Lévy, Iovino, et al., 2012). We can asses model
biogeochemical drift during the 5 year simulations. Drift in EP was apparent in both integrations, but these
drifts were largely consistent between the two model simulations for the basins of greatest change. EP notably
decreases in the Indian and tropical Atlantic basins, resulting in ∼5% reduction in the local annual mean EP
from year 1 to year 5 in both simulations, opposite in sign and much smaller in magnitude than the diﬀerence
between the two simulations. This reduction in EP is associated with decreases in NPP and all nutrients in the
top 100 m, indicating some lack of ﬁdelity between both model simulations and the initial biogeochemical
conditions. Over most of the ocean, the diﬀerence in the EP annual means over the 5 years of the HI-RES simulation is very small or locally patchy, attributable to internal variability in short season, chaotic ﬂow regions
where spatial variance of NPP, EP, and e-ratio are all high (Figure 7). Thus, we cannot ascribe a signiﬁcant diﬀerence between the two simulations’ biogeochemical background states over the 5 year integration time that is
clearly due to mesoscale resolution. This is an important topic for future research as computational resources
become available.
We have not focused on trophic controls on export and export eﬃciency. We found that changes in primary production, driven by changes in physical circulation and nutrient delivery, were the primary control
in enhancing or diminishing export moving from low to high resolution. This result may be dependent on
the biogeochemical model used. It should be noted that routing of carbon through the various plankton
components is highly variable between diﬀerent ESMs and exerts a strong control on their biogeochemical response under climate change (Laufkötter et al., 2015, 2016). Observational campaigns are proposed to
assess trophic controls on export eﬃciency (Siegel et al., 2016). These observations should be compared with
the results here to assess how well BEC is representing the food web pathways and other processes controlling
export patterns.
Our results highlight how potentially sensitive global ESMs are to parameterizations of iron delivery. Great
uncertainty exists in how to best represent iron inputs and cycling in ESMs (Dale et al., 2015; Tagliabue et al.,
2016). Results here further implicate the role of mesoscale circulation in constraining the horizontal delivery
of coastal iron, as well as vertical delivery of subsurface open-ocean iron, which we have found are controlling the spatiotemporal structure of productivity and export in iron-limited regions. Our results suggest that
the coarse-resolution CESM overestimates the ﬂux of continental shelf-derived dissolved iron to the open
ocean in key high-export regions due to two mechanisms: strong coastal jets acting as transport boundaries
and turbulence-driven spatial restriction of the resulting bloom. Both of these processes warrant attention for better parameterization in coarse-resolution climate models. Alternately, the representation of iron
sediment inputs may need to depend on model resolution, compensating for the reduction in transport at
higher resolution and/or topographic resolution.
Eddy parameterizations developed for active and passive tracers in ESMs may not be as eﬀective for reactive
tracers (which react to strong gradients in the ﬂow but do not aﬀect the dynamics), such as biogeochemical
variables. This indicates that some eﬀort toward improvement is warranted, especially in regions of strong
eddy activity and high seasonality. Theoretical modeling work has demonstrated that eﬀective eddy diﬀusivity is smaller for reactive tracers than for passive tracers and that this eﬀect can elevate productivity in
lower resolution, consistent with this study (Pasquero, 2005). The details of this eﬀect depends on both the
reaction time scale of the tracer and the advective time scale of the circulation, which both vary depending on the tracer in question and how energetic the regional dynamics are. These results indicate that there
may be a better way to parameterize eddies for reactive tracers based on the local ﬂow dynamics and the
type of tracer.
Are global high-resolution modeling eﬀorts worth the computational cost? Here global integrals of export
and primary production diﬀer by less than 2% when the mesoscale is resolved, while the computational cost
scales geometrically with increasing resolution. However, this ﬁdelity between the model resolutions arises
due to regional compensating diﬀerences, and diﬀerences could be larger if parameterizations were adjusted.
More importantly, the large local and regional diﬀerences between the mesoscale and standard resolution
simulations suggest that great caution is needed when comparing ESMs with in situ observations, which are
inherently local. Further, observations are strongly aﬀected by mesoscale ocean variability, which we have
shown is largest in many regions of greatest production and export, and these are the exact regions where
the HI-RES model shows the greatest diﬀerence from the standard resolution ESM, underscoring the pitfalls
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of ESM validation for primary and EP. Much work is needed to tackle the biogeochemical validation challenge
in these regions, in particular, and both regional and global mesoscale resolving, and indeed submesoscale
resolving (Mahadevan, 2016), model simulations are needed to make progress, both in informing the design
of sampling campaigns and in continuing to assess what we are missing at coarse resolution.
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